Abstract Purpose: We previously reported that the c-myb and Vav proto-oncogenes are amenable to silencing with antisense oligodeoxynucleotides and that inhibition of either impairs leukemic cell growth. Because the expression of these genes is not known to be linked, we sought to determine the therapeutic value of silencing both genes simultaneously in K562 and primary patient (n = 9) chronic myelogenous leukemia cells. Experimental Design: K562 and primary chronic myelogenous leukemia cells were exposed to antisense oligodeoxynucleotides (alone or in combination) for 24 or 72 hours and then cloned in methylcellulose cultures. Effects on K562 cluster, and blast-forming unit^erythroid colonies and granulocyte-macrophage colony-forming units were determined and correlated with the ability to down-regulate the targeted mRNA. Results: After 24-hour exposure, K562 cell growth was inhibited in a sequence specific, doseresponsive manner with either c-myb or Vav antisense oligodeoxynucleotides. Exposure to both oligodeoxynucleotides simultaneously considerably enhanced growth inhibition and accelerated apoptosis. Primary cell results were more complex. After 24-and 72-hour exposures to either anti^vav or anti^myb antisense oligodeoxynucleotides, equivalent colony-forming unit inhibition was observed. Exposing cells to both antisense oligodeoxynucleotides simultaneously for 24 hours did not result in additional inhibition of colony formation. However, after 72-hour incubation with both oligodeoxynucleotides, colony formation was diminished significantly when compared with either oligodeoxynucleotides alone (from f30% to f78% for granulocytemacrophage colony-forming unit; f50% to f80% for blast-forming unit^erythroid). Conclusions: We hypothesize that exposing primary leukemic cells to antisense oligodeoxynucleotides targeted to two, or possibly more, genes might significantly augment the therapeutic utility of these molecules.
Myb and Vav are largely hematopoietic cell proteins with transcriptional activation and signal transduction roles, respectively, in normal cells. Both proteins have been intensively studied and their functions authoritatively reviewed (1 -9) . c-Myb is one of three members of a family of transcription factors (A-myb, B-myb, and c-myb), which is defined by sequence homology within the DNA-binding domain and the functional ability to bind the consensus sequence [YG(A/ G)C(A/C/G)GTT(G/A)]. Myb family of proteins play a vital role in cell cycle progression. They also regulate the expression of a growing list of cellular genes required for hematopoietic cell survival and function. It has been unequivocally established that Myb is required for both normal and malignant hematopoiesis (10 -14) . Accordingly, silencing c-myb expression with, for example, antisense oligodeoxynucleotides, may be of therapeutic use in patients with hematologic malignancies (15, 16) .
Presently, four Vav protein family members have been described, three of which are expressed in mammalian cells (Vav, Vav2, and Vav3; ref. 17) . Mammalian Vav proteins are encoded by genes located on different chromosomes but they all share a diverse array of structural motifs, including Dbl and Pleckstrin homology domains, as well as two SH3 domains flanking a single SH2 region (18 -20) . The presence of these domains suggested that Vav family members might play an important role in hematopoietic signal transduction cascades and this has proven to be correct. Activated Vav members interact with the Rho/Rac family of GTP hydrolases that rearrange cytoskeleton and ultimately up-regulate expression of genes that are important for cell proliferation and differentiation, as well as those that might enhance the metastatic potential of transformed cells (8, 9, 21 -23) . Interestingly, Vav (À/À) mice develop normally (24) . The phenotype of the mice is remarkable for defective lymphocyte signaling in response to antigen stimulation, but perhaps surprisingly, they have otherwise normal myelopoiesis and lymphopoiesis. In agreement with these observations, we have reported that antisense oligodeoxynucleotide -mediated inhibition of Vav in normal adult human hematopoietic cells has no effect on myeloid or megakaryocytic colony-forming units, although erythropoiesis is somewhat compromised. In myeloproliferative disorders (chronic phase CML and P. Vera), the effects are more pronounced (25) .
Because vav and c-myb are both important hematopoietic genes, and we have previously shown that expression of each may be diminished with antisense oligodeoxynucleotides (11, 12, 16, 26) , we sought to determine if exposing malignant blood cells to antisense oligodeoxynucleotides targeting both mRNAs might have additive inhibitory effects on proliferation and viability. To examine this possibility, we exposed K562 cells and primary CML cells to one or both antisense oligodeoxynucleotides for 24 or 72 hours and determined effects on cell viability and proliferation.
Materials and Methods
Cells. K562 cells are derived from a patient with chronic myelogenous leukemia (CML; ref. 27 ) and were originally obtained from the American Type Culture Collection (Manassas, VA). Primary mononuclear cells were isolated from the bone marrow or peripheral blood from nine patients with CML as previously described (28 -30) . CD34 + cells were isolated using anti-CD34 + antibodies conjugated to microbeads and sorted on MACS columns (Miltenyi BioTech, Auburn, CA) according to the manufacturer's directions. Granulocytemacrophage colony-forming unit (CFU-GM) assays were done on cells from all nine patients, and blast-forming unit -erythroid (BFU-E) assays on cells from four patients. Studies were done at least thrice using the bone marrow or blood from the same patients.
Oligodeoxynucleotides. Unmodified phosphodiester antisense oligonucleotides were synthesized and purified as previously described (11, 31) . Oligodeoxynucleotides were lyophilized to dryness and redissolved in Iscove's modified Dulbecco's medium before use (1 mg/mL = 0.175 mmol/L). Oligodeoxynucleotides sequences used, corresponding to codons 2 to 7 of the human proto-Vav cDNA sequence 1, were as follows: 5V -AAG GCA CAG GAA CTG GGA-3V (antisense oligodeoxynucleotides) and 5V -AGC TCG AAA GAC AGG GGA-3V (scrambled-sequence oligodeoxynucleotides). The antisense sequence corresponding to human c-myb codons 2 to 9 was as follows: 5V -GCC CGA AGA CCC CGG CAC AGC ATA-3V . A scrambled antisense myb oligodeoxynucleotide sequence (5V -GCA CGC AGC TGA AGCACA AGC ACC-3V) was utilized as a control.
Cell culture. K562 cells were cultured in liquid suspension or in methylcellulose. For suspension, cells (2.5 Â 10 3 /well) were deposited in 24-well plates in 0.4 mL Iscove medium containing heat-inactivated 10% artificial serum substitute (32) . For low-dose oligodeoxynucleotide exposure, 40 Ag/mL of the oligodeoxynucleotide were added at time 0, and 50% of the initial dose was added again 18 hours later. For highdose exposure, oligodeoxynucleotides were added on the same time schedule, but the initial dose was at a concentration of 100 Ag/mL. Cells were incubated (100% humidity, 37jC, 5% CO 2 ) for 10 days and cells were counted at days 3, 7, and 10. Cell counts for each time point were derived from the content of four separate wells.
Adherent cell depleted marrow derived mononuclear cells (10 5 cells total) were incubated in 0.4 mL of serum-free Iscove medium containing 10 mmol/L HEPES buffer in polypropylene tubes (Fisher Scientific, Pittsburgh, PA). Oligodeoxynucleotides (100 Ag/mL = 25 Amol/L) were added at time 0 and 50% of the initial dose was added again 18 hours later. After 24 or 72 hours, treated adherent cell depleted marrow derived mononuclear cells were prepared for plating in methylcellulose cultures as previously described. Cells (1 Â 10 5 ) were not washed before plating. Control cultures contained cells manipulated in an identical manner but without exposure to oligodeoxynucleotides. Growth factors and concentrations used were as follows: 5.0 units/mL erythropoietin + 100 ng/mL stem cell factor for BFU-E colonies; 20 ng/mL interleukin-3 + 5 ng/mL granulocyte-macrophage colony-stimulating factor for CFU-GM. Cells were incubated (100% humidity, 37jC, 5% CO 2 ) for 11 days in the case of CFU-GM, and 14 days for BFU-E. Colonies were counted with the aid of an inverted microscope.
Reverse transcription-PCR. Reverse transcription-PCR for detection of Vav and h-actin mRNA was done as previously described (25) . In brief, adherent cell depleted marrow derived mononuclear cells (2 Â 10 6 to 5 Â 10 6 ) were incubated (37jC; 5% CO 2 ) in 0.4 mL serum-free Iscove medium. Oligodeoxynucleotides (100 Ag/mL = 25 Amol/L) were added at time 0 and 50% of the initial dose was added again 18 hours later. After 36 hours, RNAzol (Teltest, Friendswood, TX) was used to isolate total cellular RNA, which was stored at À70jC until used. RNA was reverse transcribed with 500 units of Moloney murine leukemia virus reverse transcriptase and 50 pmol of a 21-nucleotide oligodeoxynucleotide 3V primer complementary to nucleotides 980 to 959 (GGA GGT GAT ATT TGA GAA CTC) of the proto-vav cDNA sequence. The resulting cDNA fragment was amplified for 30 cycles using 5 units of Thermus aquaticus (Taq) polymerase and a 21-nucleotide oligodeoxynucleotide 5V primer specific for nucleotides 610 to 631 (CCA TCC AGC ATT TCT TGA) and the 3V primer specific for nucleotides 980 to 959 (GGA GGT GAT ATT TGA GAA CTC). The f370 bp product was then resolved on 1% agarose gel. . Briefly, cells were seeded in 96-well plates at 2 Â 10 5 cells/well in 100 AL of RPMI medium containing 0.5% bovine serum albumin. Oligodeoxynucleotides (100 Ag/mL) were added at time 0 and 50% of the initial dose was added again 18 hours later. After 48 hours, 20 mL of Cell Titer 96 Aqueous One Solution reagent was added to each well and the plates were incubated for 3 to 4 hours. Subsequently, plates were read at 490 nm using an automated plate reader.
Statistical analysis. Analysis of data was done using InStat 3 for Macintosh (GraphPad Software San Diego, CA).
Results
Effect of anti -myb and anti -vav oligodeoxynucleotides on K562 cell growth. We initially examined the effect of oligodeoxynucleotides targeted to Myb and Vav, alone and in combination, on K562 cell growth at low and high doses (40 + 20 and 100 + 50 Ag/mL respectively). Assays were conducted on cells grown in liquid suspension or cloned in methylcellulose. Similar results were obtained in both assays. In the case of the colony-forming unit assay (Fig. 1) , for example, low-dose antiVav antisense oligodeoxynucleotides inhibited colony formation by f32% (P > 0.05), anti -Myb oligodeoxynucleotides inhibited colony-forming unit formation by f55% (P < 0.01), whereas the combination of the antisense oligodeoxynucleotides inhibited colony-forming unit by f75% (P < 0.001) when compared with the growth of colonies not exposed to oligodeoxynucleotides. At the high dose, inhibition of colony formation was even greater, being 58%, 76%, and 94%, respectively (P < 0.001 for all compared with control colony growth), suggesting that inhibition was dose related and that effects of the two oligodeoxynucleotides were additive. Sequence specificity was shown by the fact that the scrambled oligodeoxynucleotide sequences gave no inhibition when used alone and only minimal inhibition when used together. Accordingly, these results suggested that a combination of the two antisense oligodeoxynucleotides might be far superior for inhibition of cell growth than either oligodeoxynucleotides used alone. The mechanism for this additive effect seemed to be an enhanced induction of apoptosis as shown by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (Table 1) . By 48 hours after exposure to both antisense oligodeoxynucleotides, 75 F 7% of cells were dead or dying, versus 51 F 14% of cells exposed to the anti -Myb oligodeoxynucleotides, and 27 F 13% of cells exposed to the Vav antisense oligodeoxynucleotides alone.
Primary chronic myelogenous leukemia cell growth in vitro after oligodeoxynucleotide exposure. Whereas the cell line data was suggestive, it was clearly necessary to test the utility of the multigene targeting approach on primary cells. Accordingly, the effect of Vav and Myb antisense oligodeoxynucleotides and scrambled-sequence oligodeoxynucleotides on primary CML patient progenitor cell growth was assessed by exposing mononuclear cells to the oligodeoxynucleotides and then counting the resulting BFU-E and CFU-GM colonies as described in Materials and Methods. Effect of 24-hour oligodeoxynucleotide exposure on progenitor cell growth. The effect of a 24-hour exposure to the c-myb, proto-vav, or oligodeoxynucleotide combinations on the growth of CFU-GM from nine patients is shown in Fig. 2 . Although the cloning efficiency of the individual patient samples was quite variable, some trends were observable. When compared with colony growth from untreated (control) cells (arbitrary 100% growth), the number of colonies developing in the plates was reduced in all cases after exposure to one or both of the antisense molecules. Inhibition of colony formation was variable, averaging f45% of control cell growth for both the Myb and the proto-vav targeted antisense molecules. Combining the two did not seem to augment inhibition any further. Nonetheless, it did seem to be sequence specific because, except for patient 3, exposure to the scrambled sequences, at the same total oligodeoxynucleotide concentrations, had no statistically significant effect on colony formation when compared with the untreated control.
Similar results were obtained when BFU-E colony formation was assayed in four patients after a 24-hour oligodeoxynucleotides exposure (Fig. 3) . The c-myb -and vav -targeted oligodeoxynucleotides variably inhibited colony formation in all four patients studied by an average of f50% and 60%, respectively when compared with controls. As was noted with the CFU-GM colonies, combining the two oligodeoxynucleotides gave no further inhibition of colony formation in any of the patient samples. Nonspecific growth inhibition is unlikely to explain these results, because again except for patient 3, the scrambled oligodeoxynucleotides used at the same concentrations did not inhibit colony formation to any significant degree.
Effect of 72-hour oligodeoxynucleotide exposure on progenitor cell growth. As is true for many RNA-silencing strategies, we have previously reported that prolonged exposure to the targeting agent, in this case oligodeoxynucleotides, results in a more efficient knockdown of the mRNA target (16) . For this reason, we investigated the effect of exposing the progenitor cells to the oligodeoxynucleotides for 72 hours. In these experiments, we saw similar degrees of inhibition of CFU-GM (Fig. 4) and BFU-E (Fig. 5) as noted with the 24-hour exposure. However, when cells were incubated for 72 hours with both molecules simultaneously, we observed a much more substantial reduction in colony numbers (an average of 78% for both CFU-GM and BFU-E compared with the f30% and 50% average for CFU-GM and BFU-E, respectively, after 24-hour The effect of vav targeted antisense oligodeoxynucleotides on mRNA expression. We have previously shown in multiple studies that the anti -myb oligodeoxynucleotides used in the study specifically inhibit their respective targets in hematopoietic cells at the mRNA and protein levels (11, 16, 28, 30, 33, 34) . We have also shown activity of the anti -Vav oligodeoxynucleotides in several studies (25, 35) . Nonetheless, to confirm activity of the Vav-targeted oligodeoxynucleotides at the mRNA level, we examined oligodeoxynucleotide-treated cells for Vav mRNA expression. As shown in Fig. 6 , Vav mRNA was detectable in untreated CML cells (lane C), as well as in cells exposed to Vav scrambled oligodeoxynucleotides (lane Scr). In contrast, exposure to Vav antisense oligodeoxynucleotides resulted in loss of amplifiable mRNA (lane AS). Simultaneous assay for h-actin mRNA shows detectable message regardless of the Vav oligodeoxynucleotide sequence to which CML cells were exposed (Fig. 6, bottom) .
Discussion
We have previously shown the ability of antisense oligodeoxynucleotides targeted to the c-myb and vav proto-oncogenes to suppress the growth of normal and malignant human hematopoietic cells (11, 25, 28, 30, 33, 35) . With each mRNA target, the effects on malignant cell growth were much more profound than on normal cells, and in the case of c-myb this was shown in a bone marrow purging study done on patients with CML (16) . In the present study, we addressed the simple question of whether exposing malignant cells to both antisense molecules would produce an additive effect on cell growth inhibition. The factors that regulate Myb expression in human lymphoid cells have become better known (36) , but in myeloid hematopoietic cells they remain incompletely defined. Nonetheless, to the best of our knowledge, there are no studies linking Vav signaling directly with MYB expression. Accordingly, it seemed reasonable to hypothesize that if the activity of both genes was important for malignant hematopoietic cell growth, inhibiting both might create an additive block on cell growth and/or viability.
The results obtained in this small study are potentially informative because they were done on a well-established human hematopoietic cell line model, and with primary patient material as well. Although a 24-hour exposure to either antisense oligodeoxynucleotide inhibited progenitor cell growth, the inhibition observed was not increased when cells were exposed to both molecules simultaneously for 24 hours. Having previously observed that a more prolonged exposure to oligodeoxynucleotides enhanced their efficiency (16), we exposed cells to these molecules for 72 hours as well. Somewhat unexpectedly, a 72-hour exposure to either molecule alone gave inhibition similar to that observed at 24 hours. However, treating cells with both molecules simultaneously for 72 hours diminished colony growth considerably compared with either molecule alone, or to the various control combinations. The small numbers of patients studied and the wide variation in the cloning efficiency of some of these individuals' blood cells precluded our drawing formal statistical conclusions about the significance of these differences. Nonetheless, the highly significant results obtained in the cell line experiments, along with the trends observed in each of the patient studies (Figs. 2-5 ), lend objective support to what is otherwise an appealing, and intuitively logical, hypothesis. Because our studies were limited in scope, we can only speculate on the potential mechanisms for the enhanced cell killing observed at the 72-hour time point. The simplest explanation is that some time is required for inhibition to take place and for the effected cells to suffer the biological consequences. Classic pharmacokinetics (i.e., toxicity = concentration Â time of exposure) would predict this. Nevertheless, this study was somewhat unusual in that oligodeoxynucleotides with natural phosphodiester backbones were used in an economical attempt to circumvent some of the nonspecific toxicity observed with phosphorothioate backbones (37, 38) . For this reason, we must acknowledge that nonspecific toxicity may be playing a role in some of the growth inhibitory effects observed. Vaerman et al. (39) reported that stepwise degradation of oligodeoxynucleotides by 3V exonucleases leads to potentially toxic deoxynucleotide triphosphate concentrations in cell cultures. In Vaerman et al.'s study, antiproliferative effects were observed with deoxynucleotide triphosphate concentrations of 5 to 10 Amol/L with phosphorothioate oligodeoxynucleotides, and 25 Amol/L with phosphodiester backbone oligodeoxynucleotides. Of note, cytotoxicity was mitigated by the presence of cytosine residues in these ends. Examination of the 3V end of the proto -vav sequences used revealed the four penultimate bases were devoid of dCTPs, whereas the four penultimate bases of the 3V end of the c-myb sequences did contain cytosine residues (one for the myb antisense sequence and three for the myb scrambled sequence). If all effects on growth were due to nonspecific accumulation of deoxynucleotide triphosphates, one might plausibly explain, for example, why the antisense oligodeoxynucleotides were toxic, whereas the Myb scrambled sequence was not. However, one could not explain why exposure to the Vav antisense or scrambled oligodeoxynucleotide sequences did not yield equivalent cytotoxicity as the base content of their 3V ends are identical. Similarly, one might have expected the anti -myb and protovav mixture to be slightly less toxic than the Vav oligodeoxynucleotide because the former contains a toxicity ameliorating dCTP. This was clearly not the case. Accordingly, we cannot explain our results as a function of simple degradation of the oligodeoxynucleotides. Because we have documented sequencespecific inhibition of the targeted mRNA, we feel that it is likely that an antisense mechanism was at least partially responsible for the biological effects observed, and this effect seemed to be due to an increase in apoptosis among the treated cells.
It is becoming increasingly clear that regardless of the modality used, targeting single genes or their products will be of limited utility for anticancer therapeutics. With the very notable exception of monoclonal antibodies targeting surface receptors on lymphoma cells (which likely kill by complementmediated effects; refs. 40, 41) , and the abl/kit tyrosine kinase inhibitor Gleevec (42) , most such therapies have failed to produce dramatic clinical responses. This is likely due to the complexity of the diseases called ''cancer'' and their pathogenesis. Targeting multiple pathways in tumor cells is intuitively appealing, and studies of the type reported here support the concept. Further experimentation using enhanced delivery of so-called ''third-generation'' antisense molecules would likely test this approach in a more rigorous manner. Demonstrating an acceptable therapeutic index will also be important in the evolution of this concept. We hope to embark on such studies in the near future.
